Activated carbon fiber (ACF) as extraction fiber for solid-phase microextraction (SPME) and its application for the analysis of banned organochlorine pesticides (OCPs) were investigated. Firstly, ACF was activated by different concentration of zinc chloride, which indicated that ACF activated by 60% zinc chloride had a reasonable specific surface area, pore volume and pore distribution. Secondly, the parameters for the ACF-SPME procedure, the adsorption and desorption conditions, were also optimized when coupled with gas chromatography-mass spectrometry (GC-MS). Thirdly, the ACF-SPME was used to analyze 17 kinds of OCPs in water. The linearity of most pesticides was found to be between 0.2 and 50 µg/l with GC-MS under the selected ion monitoring (SIM) acquisition mode. The limits of detection (LOD) at the sub µg/l were obtained. The work demonstrated here shows that ACF is a promising alternative for the SPME procedure.
Introduction
Organochlorine pesticides (OCPs) that include DDT, heptachlor, aldrin, dieldrin and BHC (benzene hexachlorides) and endosulfan are banned because of their persistence in the environment and ability to bioaccumulate in living organisms. 1 The determination of these pesticides is focused on liquid-liquid extraction (LLE) 2, 3 or solid phase extraction (SPE). 4, 5 LLE requires large quantities of expensive toxic solvents that are harmful to the environment. In addition, the LLE procedure is time-consuming, tedious and often requires preconcentraction of the sample prior to analysis. SPE has increased in popularity as a sample preparation technique because it overcomes a few of the disadvantages of LLE. However, SPE also has disadvantages, including the plugging of cartridges, significant background interferences and poor reproducibility. It is therefore important to develop a suitable, accurate and sensitive method to determine the extent of OCPs in water.
Solid-phase microextraction (SPME) has now become an important alternative environmentally friendly method that emphasizes reducing solvent usage. A number of recent applications of SPME to determine pesticides or herbicides have been reported. [6] [7] [8] [9] [10] [11] [12] Fiber coated with non-polar 100 µm thick polydimethylsiloxane 6, 7 is most widely used in SPME for OCPs analysis, and is useful for non-polar compound analysis. For polar analytes, a hydrophilic polyacylate coating 13 has been used.
Today besides polydimethylsiloxane (PDMS) and polyacylate (PA) coating fibers, a large number of fiber coatings are available. [14] [15] [16] [17] [18] [19] [20] [21] [22] Some of the new coatings are bipolar and porous in nature, such as PDMS-Divinylbenzene (DVB), 16 Carboxen(Car)-DVB, 16 Carboxen-PDMS 15 and DVB-Carboxen-PDMS. 16, 17 The extraction of analytes by these porous polymer SPME fibers with mixed coatings is primarily based on adsorption, rather than absorption. Porous coating fibers, such as Carboxen, are better for extracting small analytes than for high-MW analytes, 16 which restrict their applications in the analysis of OCPs.
Generally, fibers coated with a chromatography stationary phase, such as PDMS, PA, DVB, and Carboxen, appear to be less thermally stable and less chemical stable to non-polar organic solvents.
The aim of present paper was to use activated carbon fiber (ACF) to substitute traditional coating fiber to determine OCPs in water with the SPME procedure. ACF is a more effective adsorbent than traditional granular activated carbon. Due to the special surface structure and excellent adsorption properties, ACFs are widely used in such fields as environmental protection, the electronic industry and chemical engineering. In this paper, ACF used in the SPME procedure was made from carbon fiber precursors. A carbon fiber rod (100 × 0.25 mm) was initially activated by an appropriate concentration of zinc chloride to produce activated carbon fiber. Then, the ACF was fixed in a hollow stainless-steel tube with epoxy glue before use. The performance of ACF as an extraction fiber in SPME was evaluated. At the end, the ACF-SPME procedure coupled with gas chromatography-mass spectrometry (GC-MS) was used to determine 17 kinds of banned OCPs in pure water and natural water. chloride (purity >98.5%) was purchased from Shanghai Reagent Inc. A standard stock mixture, containing 17 kinds of banned OCPs (2 mg/ml in toluene-hexane, 1:1) was purchased from Supelco (Bellefonte, PA, USA). Pentachloronitrobenzene from Chem Service (West Chester, PA) was used as an internal standard (I.S.). The standard stock mixtures were then diluted to the required concentration using methanol (purge and trap grade, Shanghai Reagent Inc.) and spiked with the internal standard to produce standard solutions and maintained at 4˚C in a refrigerator. Nitrogen (purity >99%) and helium (purity >99.99%, ultrapure carrier grade) were purchased from Shanghai Air Conducts and Chemicals Inc. Ultrapure water was made from Automatic Crystal Dual-Distillater (1810-B, Changzhou, China).
Three types of coating fiber, (Carboxen/polydimethylsiloxane (CAR/PDMS, 75 µm), PDMS (100 µm), and polyacrylate (PA, 85 µm)), were purchased from Supelco (Bellefonte, PA, USA). These fibers were initially conditioned at 250˚C for 100-µm PDMS (3 h), at 280˚C for 75-µm CAR/PDMS (2 h), at 300˚C for 85-µm PA (2 h), according to the manufacture's instructions in order to remove contaminants. Conditioning was carried out in an extra split/splitless port with helium carrier gas prior to each extraction.
Preparation of activated carbon extraction fiber (ACF) and extraction process
Carbon fiber rod was initially immersed in different concentrations of zinc chloride (ZnCl2) for 50 h at room temperature and then dried at 80˚C for 2 h. The carbon fiber rod was fixed in a special support and activated for 3 h in stove at 750˚C under the protection of nitrogen. After that, the activated carbon fiber rod (ACF) was rinsed with ultrapure water twice and vibrated for 5 min in an ultrasonic vibrator and dried in a stove at 80˚C for 2 h. An SPME assembly was obtained from Supelco (Bellefonte, PA, USA), but the extraction fiber was substituted by ACF. The ACF was 1.2 cm in length, and was ground thinner to fix into a hollow stainlesssteel tube by epoxy glue.
The ACF was rinsed with dichloromethane (analytical grade), and then conditioned at 350˚C for 2 h before use.
For extraction, spiked ultrapure water samples (30 ml) were placed in several 40 ml EPA vials (Wheaton, USA) sealed with PTFE-faced silicone septas. Magnetic stirring was used to agitate the solution at about 500 rpm. Sampling was performed by inserting the hollow stainless-steel tube including ACF near the liquid surface. Analytical compounds were adsorbed by extending the ACF into the solution. After an adequate adsorption time, the fiber was withdrawn from the solution. The adsorbents on the ACF were subsequently desorbed in the heated injection port of the GC.
Instrument and conditions
Chromatographic analyses were carried out in a GC-17A (Shimadzu Japan) gas chromatograph equipped with a splitless injector (2 mm i.d. glass liner, 5 min splitless time) and mass spectrometry (QP-5000 SHIMADZU). The GC system was fitted with a 30 m × 0.25 mm i.d. coated with 0.25 µm thick film (PTE TM -5 Supelco, Bellefonte, PA). The injector and interface temperatures were set at 280˚C, respectively. The temperature program used was 180˚C (1 min), 3˚C/min to 290˚C with a final hold for 5 min. Helium was used as carrier gas at a flow rate of 50 ml/min. A chromatographic workstation software (Class-5000) was used for instrument control and data treatment.
The mass spectrometer was operated in the electron impact (EI) mode. Mass spectra were obtained in the scan range m/z 80-450. The solvent delay time was set at 5 min. A selected ion monitoring (SIM) mode was used in quantitation. The characteristic ions listed in Table 1 were used for the quantitation of 17 kinds of OCPs.
Results and Discussion

Surface feature of activated carbon fiber (ACF)
The surfaces of ACF activated by the above experiments were observed by a scanning electronic microscope (SEM, HITACHI S-2105, Japan). Figure 1 (a) shows an SEM image of the carbon fiber rod precursor. According to the micrograph, the surface of the precursor is relatively smooth, and there are fewer grooves on the surface. (A) (B) respectively. They were then disposed as described in the experimental section to obtain ACFs. The BET specific surface area of ACF was measured by a conventional porosimeter (ASAP 2010, Micromeritics, USA). Nitrogen adsorption at -196˚C was measured by means of a porosimeter (ASAP 2010, Micromeritics, USA). The Brunauer-Emmett-Teller (BET) surface area was calculated from the isotherms using the BET equation. The Dubinin-Radushkevich (DR) equation was used to calculate the micropore volume. The total pore volume was estimated to be the liquid volume of the adsorbate (N2) at a relative pressure of 0.985. The pore size distribution was determined using the Barrett-Joyner-Halenda (BJH) mode. The effect of the ZnCl2 concentration on the BET specific surface area is illustrated in Fig. 2 . The specific surface area increased from 410 to 750 m 2 /g with an increase of ZnCl2 concentration from 10 to 50%. The specific surface area did not evidently increase when the concentration of ZnCl2 increased from 50% to 70%. Therefore, 60% ZnCl2 was determined to be a reasonable concentration for ACF preparation.
The ZnCl2 concentration also had an effect on the pore size distribution (see Fig. 3 ). It can be seen that the micropore volume gradually decreased from 0.55 to 0.17 ml/g with an increase in the ZnCl2 concentration from 10 to 70%, but macropore volume gradually increased from 0.18 to 0.95 ml/g over this same concentration range. The mesopore volume rapidly increased from 0.52 to 1.18 ml/g in the ZnCl2 concentration from 10 to 50%, and decreased from 1.18 to 0.78 ml/g when the acid concentration exceeded 50%. The change of the total pore volume was similar to that of the mesopore volume, which reached extremum of 2.12 ml/g at the 60% concentration of ZnCl2. According to the above experiments, the pore distribution was most uniform when the ACF was activated by a 60% concentration of ZnCl2.
Comparison of the performances of ACF with commercial fibers
Nowadays the commercially porous extraction fibers are mainly Divinylbenzene (DVB) and Carboxen (CAR). Table 2 shows a comparison of the specific surface area and pore volume of ACF with DVB and CAR. From Table 2 , one can see that ACF has a higher specific surface area and pore volume than commercial porous fibers. The porosity of ACF is concentrated on meso sizes, and the proportion of the mesopore and macropore volumes has reached 88.2%, which makes ACF have excellent adsorption and desorption abilities for organic compounds with high molecular weight.
In addition, ACF has more excellent applied characteristics than commercial extraction fibers, such as the capability of resistance to non-polar solvents and to high temperature. 23 Experiments have illustrated that ACF reusable times exceed 300.
These advantages of ACF expand the SPME-GC application range toward higher boiling compounds and prolong the fiber lifetime.
Adsorption performance of ACF and comparison with commercial fibers
In order to evaluate the extraction efficiency of ACF, three commercial fibers of CAR/PDMS (75 µm, Supelco, USA) PA (85 µm, Supelco, USA) and PDMS (100 µm, Supelco, USA), which were considered appropriate for the determination of OCPs, were used for comparing the adsorption performance. A fortified aqueous sample (30 ml spiked at level of 5 µg/l of 17 kinds of OCPs) was analyzed twice with each fiber. The results of the experiments are shown in Fig. 4 . These results show that ACF has the greatest extraction capacities for the OCPs analytes. This is because ACF has a greater specific surface area and a better pore structure.
The PDMS fiber (a non-polar phase) is one of the excellent coatings for extracting non-polar analytes. Extraction capacities obtained with 100 µm PDMS were about 60 -70% as to ACF. To most of non-polar OCPs, the adsorption capacities by polyacrylate (PA) coating were lower than those obtained by ACF and PDMS because the polar PA fiber is preferred for the extraction of polar analytes. For the CAR/PDMS fiber, due to its lower pore volume and lower specific surface area, which is best for small molecules (C2 -C6 analytes), [14] [15] [16] the adsorption capacities were the lowest in all extraction fibers used. Macro Meso Micro Total a. specific surface area: the ratio of surface area to weight of object. b. Macropore ≥500 Å; Mesopore = 20 -500 Å; Micropore ≤20 Å. Fig. 3 Effect of the concentration of ZnCl2 on the pore volume of ACF. The activation temperature was 750˚C and activation time was 3 h. (Macropore ≥500 Å; Mesopore = 20 -500 Å; Micropore ≥20 Å) Therefore, ACF is extremely suitable for the determination of OCPs in water by the direct immerse procedure.
Optimization of ACF-SPME
The different parameters that can affect the ACF-SPME procedure (extraction time and temperature, desorption time and temperature) should be optimized under the SIM acquisition mode. Before validating the analytical methodology, stirring is also important to generate a continuously fresh surface in order to improve the extraction. Stirring can destroy the static layer resistant to mass transfer. In this study all the experiments were performed under a controlled stirring velocity.
The first parameter to be optimized was the temperature for adsorption operation. For most OCPs, the solubilities of OCPs are relatively low in water due to their hydrophobic properties. Their solubility data are given in Table 1 . In order to promote molecular activities it is necessary to enhance the adsorption temperature. However, higher temperature generally decreases the distribution coefficient on extraction fibers for analytes. There should thus be a suitable temperature for ACF adsorption. ACF was exposed to a standard solution of the analytes in a concentration of 5 µg/l for increasing solution temperature in the range from 30 to 70˚C. The total extraction time was maintained at 50 min. After the adsorption process the analytes were thermally desorbed into the injection port of a gas chromatograph at 280˚C for 2 min. The effect of temperature on the adsorption capacities for the extraction of OCPs in water by the ACF-SPME procedure is shown in Fig. 5 .
For most of the OCP samples, the adsorption capacities of ACF gradually increased with an increase of temperature from 30 to 50˚C, and gradually decreased when the temperature exceeded 50˚C. For some compounds, such as δ-BHC, 4,4′-DDE, endosulfan sulfate and endrin aldehyde, the adsorption capacities increased with an increase of the temperature from 30 to 70˚C. It was observed that at higher temperature exceeding 50˚C some bubbles appeared, which could significantly affect the adsorption. Therefore, it is suitable to select 50˚C as the adsorption temperature.
The next important parameter is the adsorption time required for the analytes to reach equilibrium between the solution and the ACF surface.
This parameter was determined by maintaining the extraction temperature at 50˚C; the other experimental parameters were the same as for the optimization of extraction temperature. A study was carried out by varying the time intervals in the range from 10 to 60 min. Figure 6 illustrates the adsorption time profiles of OCPs by using the ACF-SPME process. It can be seen that the equilibrium time varied among the different compounds. The equilibrium time for most of OCP samples was below 50 min. Therefore, an adsorption time of 50 min was selected, although for some of the analytes equilibrium was not reached ever after 60 min. An extraction time of 50 min is also acceptable for GS-MS operation.
After the adsorption conditions had been determined, the desorption conditions, the temperature and the time required to completely desorb all the analytes from the ACF were optimized. Firstly, the desorption time was determined by varying the time interval from 20 to 120 s. The desorption temperature was 280˚C. The desorption profiles of OCPs were obtained by plotting the GC-MS response versus the desorption time. As can be seen in Fig. 7 , a desorption time of 90 s is sufficient to ensure total desorption, and no carryover could be observed. It was therefore decided to keep a desorption time of 90 s for subsequent experiments.
296
ANALYTICAL SCIENCES FEBRUARY 2006, VOL. 22 Fig. 4 Comparison of the adsorption capacities between ACF and commercial fibers for extracting OCPs in water. The adsorption time was 50 min, the desorption time was 2 min and the desorption temperature was 280˚C. The desorption temperature was also an important parameter for ACF-SPME. In this experiment, the desorption temperature was determined by observing the shape of the chromatography peaks at 180 and 280˚C while maintaining a constant desorption time of 90 s, extraction time of 50 min and extraction temperature of 50˚C. The chromatography figures for the desorption temperature at 180 and 280˚C are displayed in Fig. 8 . Figure 8(a) illustrates that the chromatography peaks are seriously tailed and broadened, which is not suitable for the analytical process. This is because the desorption of an analyte from an ACF-SPME depends on its boiling point. Those OCPs with higher boiling points were not successfully desorbed at lower temperature, such as at 180˚C. From Fig. 8(b) , we can see the chromatography peaks are normal and the peaks are effectively separated. Therefore, desorption temperature of 280˚C is completely suitable for quantitative analysis.
Validation of the analytical method
From the above experiment, ACF has been shown to have excellent performance of adsorption and desorption, which makes it suitable for SPME operation. According to the experiments described above, the following analytical conditions were adopted: use of ACF activated by 60% zinc chloride, extraction time of 50 min, extraction temperature of 50˚C, desorption time 90 s and desorption temperature of 280˚C.
The linearity of the ACF-SPME-GC-MS method was evaluated by plotting the calibration curves of the area relative to the internal standard, pentachloronitrobenzene (Ai/Ais), versus the concentration of the analytes (Ci). Standard calibration curves were plotted in the concentration range from 0.1 µg/l to 50 µg/l. At each concentration level, at least triplicate analyses were made. The correlation coefficients of linearity can be seen in Table 3 , which vary from 0.987 to 0.998. The LODs, based on three-times the baseline noise, were determined. In order to calculate them, water samples containing studied compounds at low concentrations (0.5 µg/l) were used.
Under these conditions, the LODs of the method reached to the ng/l range (Table 3) .
Validation for spiked natural water samples was carried out by using the above-mentioned optimal conditions. Natural-water samples were fortified with different levels of 17 kinds of OCP's ranging from 0.5 to 2.0 µg/l. The average recoveries are listed in Table 3 . The results show that ACF-SPME is also suitable to analyze OCPs in natural water.
Conclusion
Activated carbon fiber (ACF) solid-phase microextraction 297 ANALYTICAL SCIENCES FEBRUARY 2006, VOL. 22 (SPME) coupled with GC-MS is an applicable method for the determination of banned OCPs in pure water and natural water. The active concentration of zinc chloride has substantial effect on the specific surface area, pore volume and pore distribution. The optimal concentration of zinc chloride for the preparation of ACF is 60%. The optical analytical conditions for ACF-SPME-GC-MS is as follows: extraction time, 50 min; extraction temperature, 50˚C; desorption time, 90 s; and desorption temperature, 280˚C.
Compared with commercial coating fibers, ACF possess better resistance to organic solvents, longer lifetime and higher sensitivity. In addition, ACF can adsorb polar and non-polar compounds simultaneously. The optimized ACF-SPME-GC-MS analytical procedure had an acceptable linearity in the range of concentrations studied, and good precision.
